ABSTRACT Manipulation of light intensity is an important management tool affecting broiler production and well being. Despite considerable research on light intensity, there is still a debate on the optimum level to be used for intensively housed broilers. Two trials were conducted with the objective of investigating the effect of light intensity, within the practical levels at confinement barns (1, 10, 20, and 40 lx), on production, processing characteristics, and welfare of broilers raised to 35 d of age. Each light intensity treatment was replicated in 2 environmentally controlled rooms in each trial with 950 Ross × Ross 308 chicks per room. Data were analyzed as a randomized complete block design with trial serving as a block. All chicks were exposed to 40 lx of light intensity and 23 h of light for the first 7 d followed by treatment light intensity and 17 h of day length thereafter. Body weight and feed consumption were determined at 7, 14, and 35 d of age. At the end of each trial, 60 birds per treatment were processed to determine the detailed meat yield. Skeletal and footpad and ocular health were monitored at 31 and 32 d of age, respectively. Body weight, feed consumption, feed:gain ratio, and mortality were unaffected by light intensity. Carcass, thigh, and drum yield as a percentage of live weight decreased linearly with increasing light intensity. The 1 lx treatment resulted in heavier wings as a percentage of live weight. Light intensity had no effect on skeletal health, but ulcerative footpad lesions decreased linearly with increasing light intensity. Birds exposed to the 1 lx treatment had heavier and larger eyes. In conclusion, light intensity did not affect broiler production and mortality but did affect carcass characteristics. The 1 lx light intensity treatment had a negative effect on broiler welfare as demonstrated by increased ulcerative footpad lesions and eye size.
INTRODUCTION
Light is as an important management tool to regulate broiler production and welfare by modulating various behavioral and physiological pathways. Artificial lighting for broilers consists of 3 aspects: photoperiod, wavelength, and light intensity. All of these aspects have significant effects on broiler production and welfare. The effects of photoperiod on broiler production and welfare were intensively studied in the past (Classen and Riddell, 1989; Classen et al., 1991; Sørensen et al., 1999; Classen et al., 2004) . Similarly, several studies have investigated the effects of wavelength (Rozenboim et al., 1999; Lewis and Morris, 2000; Rozenboim et al., 2004) .
Light intensity has also been studied in the past, but relatively few studies have shown significant effects on broiler production. In general, light intensity ranging from 1 to 150 lx has been found to not affect BW, feed consumption, and feed:gain ratio (F:G) (Skoglund and Palmer, 1962; Newberry et al., 1988; Kristensen et al., 2006; Lien et al., 2007; Blatchford et al., 2009) . If significant effects have been found, they have generally been deleterious effects of low light intensity on poultry production and welfare. Negative effects have included reduced carcass and tender yield, decreased early uniformity, increased incidence of leg disorders and ocular defects, altered behavioral expression, and increased fearfulness in birds (Hughes and Black, 1974; Newberry et al., 1988; Lien et al., 2007; Blatchford et al., 2009; Alvino et al., 2009) . Dim light was found to induce buphthalmia, altered retina (peripheral darkened areas and nonpigmented white bands), choroiditis, lens damage, inflammation, and increased eye size and weight (Harrison et al., 1968; Jenkins et al., 1979; Siopes et al., 1984; Thompson and Forbes, 1999; Blatchford et al., 2009) . Skeletal health was improved by stimulating activity at higher light intensity, but the effects were not consistent (Newberry et al., 1986 (Newberry et al., , 1988 Blatchford et al., 2009) . Dim light has increased leg and wing yield as a percentage of live weight (Downs et al., 2006; Lien et al., 2008) . Charles et al. (1992) has shown that dim light resulted in increased fat and decreased protein concentration in the carcass. Bright light was suggested to improve welfare, with broilers having more pronounced behavioral rhythms and comfort behaviors (Alvino et al., 2009) .
Jurisdictions have established regulations in relationship to light intensity. An example is the European Union, which has legislated the use of at least 20 lx of light intensity for broiler production after the initial brooding phase (Council of the European Communities, 2007). Despite published negative effects on broiler production and welfare, the broiler industry still uses and recommends dim lighting (less than 5 lx). Most management guides recommend a reduction in intensity after the early brooding period, but there is a debate as to the appropriate level that should be used. Our interaction with industry revealed that these recommendations are based on the perception that very low light intensities improve feed efficiency, reduce mortality due to sudden death syndrome, and reduce carcass damage (scratches, bruises) because of reduced activity. However, these advantages have not been confirmed by scientific investigation and in some cases are contrary to published data. Higher light intensity has been shown to increase bird activity and aggressive behavior (Hester et al., 1987; Newberry et al., 1988; Kjaer and Vestergaard, 1999) , but a specific negative effect of higher light intensity within the range of 1 to 100 lx has not been scientifically demonstrated in broiler chickens.
Based on this assessment, the present study was designed with the aim of examining the effect of 4 levels of light intensity (1, 10, 20, and 40 lx) within the practical levels in confinement barns on broiler production, welfare, and processing characteristics.
MATERIALS AND METHODS
Experiments were approved by the Animal Care Committee of the University of Saskatchewan and were performed in accordance with recommendations of the Canadian Council on Animal Care (1993) as specified in the Guide to the Care and Use of Experimental Animals.
Birds and Housing
More than 14,000 Ross × Ross 308 male and female 1-d-old broiler chicks were obtained from a commercial hatchery for 2 successive trials and reared under 4 different levels of light intensity (1, 10, 20, and 40 lx) . Equal numbers of male (475) and female (475) chicks were randomly placed in 8 different environmentally controlled rooms with a trial end density of 32 kg/m 2 based on chick placement numbers. An equal amount of straw (7.5 to 10 cm thick) was placed in each room. The room temperature was 34°C at chick placement and was gradually decreased until it was 22°C by d 28. In each room, 12 tube feeders (79 birds per feeder) having a pan circumference of 113 cm were placed to provide ad libitum feed to the broilers. At 28 d of age, small feeders were replaced by larger ones with a pan circumference of 135 cm. Each room was provided with 11 drinkers each having 6 nipples, thus resulting in approximately 14 birds per nipple. Feed was obtained from a commercial feed company (Federated Co-Operatives Ltd., Saskatoon, Saskatchewan, Canada). The major feed ingredients were based on corn and soybean meal with specific energy and amino acid levels in starter, grower, and finisher diets as shown in Table 1 .
Lighting Treatments
All birds were kept under an intensity of 40 lx and 23 h of day length from 0 to 7 d of age. At 7 d of age, experimental treatments consisting of 4 levels (1, 10, 20, and 40 lx) of light intensity were randomly assigned to 8 rooms with 17 h of constant day length. Light was provided by incandescent bulbs and intensity during dark periods was 0 lx. Light intensity was recorded near the floor, approximately at the bird's height, 3 times each week at 6 positions in each room using a light meter (Acklands-Grainger Inc., Ontario, Canada) with peak sensitivity at 550 to 570 nm. Average values for each light intensity treatment are depicted by Table 2 . A spectroradiometer (ASD FR Pro, Analytical Spectral Devices Inc., Boulder, CO) was used to record the illumination quality. Using a fiber-optic probe, intensities of light reflected from a horizontal polytetrafluorethylene surface approximately 15 cm from the floor were recorded for each of the 4 treatment levels. Light quality measures were recorded at 4 different locations within 2 different rooms at the conclusion of the second trial.
For each location and light intensity (1, 10, 20, and 40 lx), the spectral radiance of reflected light was recorded 3 times at wavelengths ranging from 350 to 1,750 nm, and the spectral resolution was 3 nm between 350 and 700 nm and 10 nm at wavelengths longer than 700 nm. Figure 1 shows the mean spectral radiance, combining data from all locations (n = 8) and replicate measures (n = 3); each data point on each curve represents an average reading of 24 measures. Dimming incandescent bulbs, using a common rheostat, results in shifting of dominant electromagnetic energy toward the red and infrared regions of the spectrum. In contrast, dimming other light sources (compact fluorescent lamps, cold cathode fluorescent lamps, and light-emitting diodes) causes a downward scaling of energy at all wavelengths. Thus, the spectra of illumination, at a given intensity indicated by a light meter, will be different, depending on the illumination source.
Data Collection
Body weight and feed intake (FI) were measured on a room basis at 0, 7, 14, and 35 d of age and feed efficiency (F:G) was determined for relevant time periods. Rooms were checked for dead birds twice daily and total mortality was calculated as a percentage of live birds at the start of each trial. Detailed causes of mortality were determined by Prairie Diagnostic Services at the University of Saskatchewan. At 31 d of age, 15 males and 15 females were randomly selected from each room and assessed using subjective scoring techniques for skeletal (0 to 5; Garner et al., 2002) and footpad health (0 to 2; Ekstrand et al., 1998) . In the present study, mild superficial lesions (category 1) were judged to not be a welfare problem so were combined with category 0 (no visible lesions). In contrast, ulcerative lesions (category 2) were not as severe as described by Ekstrand et al. (1998) but were interpreted as a painful condition, thus compromising broiler welfare. The right eye was collected from 5 males and 5 females per room at 32 d of age, and dimensions (weight, corneal diameter, mediolateral diameter, dorsoventral diameter, and anterioposterior size) were noted immediately after extirpation, using a digital caliper. At 35 d of age, feed and water were withdrawn 4 and 2 h, respectively, before loading birds for transport to slaughter. Broilers (15 males and 15 females per room) were randomly selected for meat yield determination, double wing-banded, and weighed individually after 2 h of feed withdrawal. Birds were processed at a commercial processing plant and then wing-banded birds were returned to the University of Saskatchewan for detailed meat yield assessment: breast (skin, pectoralis major, and pectoralis minor), left drum (skin, meat, and bone), left thigh (skin, meat, and bone), intact right drum, intact right thigh, wings, abdominal fat, and back and rack (remaining carcass) as a percentage of live weight.
Statistical Analysis
A completely randomized block design with trial serving as block was used to account for the variation among 2 successive trials. Data were checked for normality using the Shapiro-Wilk test before analysis. Data were analyzed using PROC GLM and PROC REG of SAS (SAS Institute, 2002) . Percentage data were first log-transformed then analyzed. Means were separated using Duncan's multiple range test and the level of significance was fixed at P ≤ 0.05 unless otherwise stated.
RESULTS

Production Characteristics and Mortality
Body weight gain and FI from 7 to 14 d of age (Table  3) were unaffected by light intensity, but birds exposed to 1 lx had lower F:G than other treatments. Body weight gain, FI, and F:G from 0 to 35 d of age (Table 3) were not affected by light intensity level. Total and individual causes of mortality were not affected by light intensity level. The incidences of sudden death syndrome for the 1, 10, 20, and 40 lx treatments were 1.4, 1.3, 1.4, and 1.7%, respectively.
Carcass Characteristics
Carcass, thighs, and drums yield, as a percentage of live weight, decreased linearly with increasing light intensity. Broilers reared under 1 lx had heavier wings as a percentage of live weight in contrast to other treatments. Light intensity affected the percentage of remaining carcass (back and rack), but a specific trend was not apparent. No other processing characteristic was affected by light intensity (Table 4) .
Footpad and Skeletal Health and Eye Size
Light intensity levels affected footpad health. The incidence of no visible and mild superficial lesions (category 0 + 1) increased linearly with increasing light intensity. In contrast, incidence of ulcerative painful lesions (category 2) decreased linearly with increasing light intensity from 1 to 40 lx (Table 5) .
Skeletal health and bird mobility as assessed by gait scoring were not affected by light intensity (Table 5 ).
Broilers reared under 1 lx had heavier eyes as compared with rearing under other light regimens. Similarly, these birds also had larger eyes, as indicated by a greater corneal diameter, mediolateral diameter, dorsoventral diameter, and anterioposterior size (Table 6 ).
DISCUSSION
The present study was designed to examine the effects of light intensity on broiler production and processing characteristics. The 7 to 14 d performance (BW and FI) of broilers was unaffected by light intensity, thus reflecting that there is no immediate negative effect of reducing light intensity from 40 to 1, 10, and 20 lx, respectively, with all broilers adapting equally. In contrast, improved 7 to 14 d F:G of the broilers exposed to 1 lx was the result of a numerical increase in the BW (P = 0.16) and decrease in the FI (P = 0.61), but this effect is transient and overall 0 to 35 d F:G was unaffected. Light intensity had no effect on overall (0 to 35 d) broiler live performance, indicated by insignificant differences in BW, FI, and F:G. These effects are similar and in agreement with most previous research (Skoglund and Palmer, 1962; Newberry et al., 1986 Newberry et al., , 1988 Kristensen et al., 2006) . In contrast, Cherry and Barwick (1962) and Charles et al. (1992) found improved BW and F:G with low light intensities (1 and 5 lx) in contrast to birds given much brighter light (100 and 150 lx) as compared with the present study (40 lx). Very bright light (100 and 150 lx) might have stimulated the activity of broilers to the extent that they used more energy for maintenance instead of growth. Recently, Lien et al. (2008) have shown increased BW and FI with dim light (1 lx) in comparison to 150 lx. The observed difference might be due to the increased FI with low light intensity, contrary to the present study in which intensity did not affect FI. In the present study, with small differences in treatment levels and using a growth-oriented broiler strain, no effect of light intensity on overall live broiler performance was found.
Broiler mortality was not affected by light intensity. Total mortality was further subdivided into causes of death but there, again, was no effect of light intensity on these individual mortality categories, including sudden death syndrome. The present study is in agreement with most previous research (Newberry et al., 1986; Deaton et al., 1988; Downs et al., 2006; Kristensen et al., 2006; Lien et al., 2007) . It was argued in the past (Ononiwu et al., 1979 ) that bright light results in stress attributed to cannibalism and aggression, and this might contribute to the higher incidence of sudden death syndrome mortality. However, cannibalism and aggression are not common in broiler systems and therefore this is not a likely mechanism. Because the majority of research shows no effect of light intensity on mortality, and selection has occurred against metabolic and skeletal diseases (McKay et al., 2002) , it can be concluded that an effect of light intensity on mortality is unlikely.
Most carcass characteristics were not affected by light intensity, but exceptions were carcass, thighs, drums, and wing yield as a percentage of live weight. Carcass yield decreased linearly with increasing light intensity from 1 to 40 lx. Charles et al. (1992) found that dim light (5 lx) resulted in increased fat and decreased protein levels of the carcass and suggested that this might be due to decreased activity of birds kept in dim light. This is supported by other research in which increased activity of broilers with environmental enrichment devices (perches) resulted in less thigh fat (Simsek et al., 2009 ). Our research (Deep et al., 2010) has also demonstrated that birds exposed to dim light (1 lx) rested more and thus supports this hypothesis. Thighs and drums, as a percentage of live weight, decreased linearly with increasing light intensity in the present study. Similar results were obtained by Downs et al. (2006) . Birds in this study exposed to the 1 lx treatment produced heavier wings, similar to findings by Downs et al. (2006) and Lien et al. (2008) . Furthermore, the fat content of these parts (thighs, drums, and wings) is higher as compared with breast meat (Probst, 2009) . Breast skin, indicative of carcass fat content, tended to be higher (P = 0.11) in birds exposed to 1 or 10 lx, providing some support for an increase in carcass fat deposition. Abdominal fat pad was also recorded to ensure that the total of all parts equaled 100%, but these values have been previously found to be an inaccurate indicator of carcass fat content because of variable removal during mechanical evisceration at the slaughtering plant. Further research is required to determine if the increased carcass fraction represented by thighs, drums, and wings from birds reared under the dim light may be explained by the increased fat proportion of the carcass. In addition to an activity effect on carcass composition in birds given low light intensity, it can be speculated that a physiological response may also be involved. Adequate light intensity is required to stimulate receptors responsible for gonadotropin-releasing hormone (GnRH) release in the hypothalamus because these receptors are suggested to be sensitive to light directly passing through the skull instead of perception of light by eyes (Robinson et al., 2003) . Dim light (less than 5 lx) may not be able to penetrate the skull (Morgan et al., 1995) ; thus, light at this intensity may be unable or less likely to excite receptors to release GnRH. Decreased testicular size in turkeys (Siopes et al., 1983) and follicle-stimulating hormone concentration (Lewis et al., 2005) in pullets under dim light (1 and 3 lx, respectively) also support this hypothesis. Gonadotropin-releasing hormone is responsible for secretion of sex steroids and gonadal development in both males and females. Sex steroids (androgens and estrogens) play an important role as lipolytic agents in the animal and human body (Mayes and Watson, 2004; Chen et al., 2005) . They are also involved in expression of genes responsible for growth hormone (GH) and insulin-like growth factor-1 release (Huggard et al., 1996; Mateescu and Thonney, 2005) . Both GnRH and GH act simultaneously as lipolytic agents and cause less fat to be deposited in the carcass. Overall, lower light levels can affect GnRH secretion, resulting in lower concentrations of sex steroids and GH, and may ultimately cause greater amounts of fat deposition in the carcass as demonstrated by heavier thighs, drums, and wings.
Footpad dermatitis is a multifactorial problem including various endogenous and exogenous factors (Berg, 1998) . Previous research has shown that increasing broiler activity by reducing stocking density and providing a natural photoperiod resulted in decreased incidence of footpad lesions (Ferrante et al., 2006) . Recently, Blatchford et al. (2009) also found an increased incidence of hock and footpad erosions with dim light. The increased incidence of ulcerative footpad lesions with decreasing light intensity is likely due to more time spent resting, thus resulting in increased contact time between the foot and litter as suggested by Blatchford et al. (2009) . Our research has also found increased resting at low light intensity and therefore supports their suggestion (Deep et al., 2010) . The incidence of ulcerative lesions is of greater significance in the modern broiler industry, because these wounds are undoubtedly painful and result in reduced welfare of broilers.
The use of dim light (1 lx) in this study caused a change in the anatomical structure of the chicken's eyes. This is similar to previous studies in which eye changes were characterized by the incidence of buphthalmia, choroiditis, glaucoma, and lens distortion (Harrison et al., 1968; Jenkins et al., 1979; Siopes et al., 1984; Thompson and Forbes, 1999; Blatchford et al., 2009 ). All or some of these changes might impair the bird's vision and therefore compromise its welfare. Blatchford et al. (2009) found that birds reared under light levels of 5 lx had heavier eyes but did not find the differences in eye size as noted in the present study. The minimum light intensity in the current research was 1 lx, compared with 5 lx by Blatchford et al. (2009) . This suggests that decreasing light intensity from 5 to 1 lx causes further changes in the ocular structure of broilers. A larger eye may produce pressure on the optic nerve, which lies at the caudal aspect of the eye ball, and this pressure could induce nerve damage (Morrison et al., 2005) . Pressure-induced damage of the optic nerve can result in a painful condition because it would also be accompanied by the release of inflammatory mediators (eicosanoids) responsible for hyperalgesia (Tracey and Walker, 1995) . Increased eye dimensions along with inflammatory changes as evidenced in the past may result in a painful condition for broilers reared under dim light, thereby resulting in poor welfare.
Eyes grow in a rhythmic fashion with higher growth during periods of light and reduced growth during darkness. The lack of this rhythm results in increased eye growth (Rada and Wiechmann, 2006) . Lauber and McGinnis (1966) have shown that birds kept under a long continuous photoperiod (24L:0D) had larger eyes. Similar results were found by Jensen and Matson (1957) . Disrupted rhythmic secretion of melatonin might be responsible for increased growth of eyes under a long continuous photoperiod in contrast to short photoperiods with a normal melatonin rhythm . If low light intensity affects secretion of melatonin and other physiological functions because of the absence or a reduced amount of trans-skull light penetration, disrupted eye growth could be a consequence. However, our work has shown that melatonin circadian rhythms are unaffected by light intensity ranging from 1 to 40 lx (Deep et al., 2010) . This suggests that abnor-mal eye growth with dim light is caused by a mechanism other than rhythm disruption. Alternately, the rhythm disruption is independent of melatonin.
Overall, the increased weight and size of the eye with dim light, as discovered in this study, may be due to adaptation or pathophysiological mechanisms, but more research is warranted to accurately define the effect.
In conclusion, light intensity has no effect on broiler production parameters (BW, FI, F:G, and mortality) within the range tested herein. Carcass, thigh, and drum yield, as a percentage of live weight, decreased linearly with increasing light intensity. Treatment using 1 lx of light intensity resulted in increased wing yield in contrast to other intensities. Increased eye weight and size and increased incidence of ulcerative footpad lesions with the 1 lx intensity indicate a reduction in broiler welfare.
